ABSTRACT -Optimal design criteria for millimeter-wave cavity-type spectrometers, used in the measurement of molecular spectra, have been derived. Using an optimally designed spectrometer, the technique of molecular spectroscopy offers a highly sensitive and specific experimental research method for studying chemical kinetics and for monitoring gaseous pollutants and constituents of interest in pollution research. The method is also suitable for the study of the molecular properties of short-lived transient chemical species with lifetimes as short as one millisecond or less. Since the sensitivity of the spectrometer is determined by the total noise introduced during the processes of microwave generation, absorption in the resonant cavity, and the detection and amplification of a spectral line signal, the spectrometer has been analyzed and optimized in detail with respect to the equivalent noise temperatures associated with these processes. The conclusions drawn from the optimum design criteria are applied in the desiqn of a tunable high-Q resonant cavity spectrometer operating at 70 GHz.
1. INTRODUCTION -riillimeter-wave rotational spectroscopy measures the absorption in the millimeter region of the electromagnetic spectrum, caused orimarily by transitions between pure rotational states of gaseous molecules possessing permanent dipole moments. The physical process leading to absorption is a coupling of the electrical vector of the incident microwave radiation with the permanent dipole moment of the rotating molecule. Using an optimally designed measuring system, this technique is a highly specific and sensitive experimental research method for studying chemical kinetics and for monitoring gaseous pollutants and constituents of interest in pollution research. Our investigations show that i; addition to the detection and measurement of ordinary gases and vapors, the method is suitable for the study of the molecular properties of shortlived transient chemical species with lifetimes down to a millisecond or less. The technique supplements and may replace gas chromatography, mass spectroscopy, and various laser methods in the identification of trace-gas chemicals, and also makes possible fast, highly specific and sensitive measurements in the laboratory.
The intensity of an absorption is determined primarily by the magnitude of the molecular dipole moment and the number of molecules in the lower energy state of the transition. The absorption intensity is considerably stronger at millimeter-wave frequencies than at lower frequencies. This is due to the (frequency)2 increase of the absorption coefficientyma with increasing frequency, and also partly due to the fact that the higAer frequency transitions usually involve states of higher rotational quantum number having larger population differences at ordinary temperatures. Our Since the sensitivity of the tunable high-Q resonant cavity spectrometer is essentially determined by the total noise introduced during generation of the microwave radiation, by the absorption process in the resonant cavity, and by the detection and amplification of a spectral line signal, the spectrometer has been analyzed and optimized in detail with respect to these various sources. The total noise system includes the AM and FM noise sidebands of the microwave oscillator, thermal radiation noise of the sample absorption cavity, and noise of the microwave receiver. Qext, and t are terms defined previously.
Using a 100 mW reflex klystron source in the spectrometer, with fo = 70GHz, QO = 2 X 1Q, fm = 10 KHz, it can be seen from Fig. 2 that Afss =18 Hz and (NLC) B = -125 dB = 3.16 X 10-13. Equatiqn (1) gives for S =10-9 X = 10-rid, Bs = 100 Hz, PO 10-4 W, and r = (Qofm/fj2 the value of the equivalent noise temperature Teq -3820K. Figure 3 shows the measured overall effective input noise temperature and noise figure as functions of input signal frequency for the microwave receiver, using as the front end the traveling wave tube amplifier, the SSB mixer, the field-effect transistor, noncryogenic and cryogenic parametric amplifiers, and a traveling wave maser [8] be seen from the figure that at 70 GHz the receiver has effective noise temperatures of 5000K and 7000K, achieved with the double-sideband parametric amplifier and the single-sideband mixer front ends, respectively.
For the detection of very weak absorption lines, or for a reduction in the measuring system response time, the spectrometer sensitivity is considerably increased by the use of Stark or Zeeman modulation of the electromagnetic field, followed by phase-sensitive detection. A phase-sensitive detector, as a cross-correlator, utilizes amplitude and phase information of an input signal, offering a considerable gain in the output signal-tonoise ratio, compared with a conventional envelope detector. With properly optimized operating conditions, a phase-sensitive detector has excellent performance concerning low nonlinearity, wide dynamic range, and bandwidth under almost any signal-to-noise ratio conditions, [9] .
3. CONCLUSIONS -A comparison of the microwave source noise with the absorption cell noise and the microwave receiver noise shows tWat the microwave source noise contributes significantly to the total spectrometer noise and ultimately limits the achievable spectrometer sensitivity. Furthenmore, it can be seen from comparison of T with the effective noise temperatures of the microwave source and sampie absorption cell, Te t and To, respectively, that in the case where Te << T , the sensitivity of the millimeter-wave measuring system cannot be signidicantly improved, since the sample absorption cell would radiate thermal noise into the receiver -making Te comparable with the absorption cell temperature T Similarly, for T = Ta Teff, the source noise temperature would 3ominate the total noise temperature of the measuring system. Consequently, in millimeter-wave measuring system applications the optimum tradeoff between the sensitivity, complexity, reliability and cost occurs at a level of receiver effective noise temperature Te comparable to the sample absorption cell noise temperature Ta and the effective microwave source noise temperature Teff; ie., Teff I Ta ' Te
